Introduction
Functional magnetic resonance imaging relies on detecting small changes in signal in the presence of noise from various sources. Periodic variations in signal at the respiratory frequency occur in the brain and various techniques have been proposed to remove these (1) (2) (3) (4) (5) . However the precise mechanism by which respiration affects the fMRI signal has not yet been proven. It has been suggested that bulk susceptibility variations produced in the lungs affect the MR signal. Here, we investigate the nature of respiratory susceptibility variations and the artifacts they produce in echo-planar brain images.
Theory and Methods
We used experiments in humans and phantoms as well as analytical theory and computer simulations. We modeled the tissue susceptibility variation within the thorax with simple, spherical shapes. The head and upper torso are represented as a long uniform diamagnetic cylinder containing a spherical paramagnetic cavity, representing the lungs, at some distance from the imaging plane. Analytic calculations show that a susceptibility difference of Δχ between the cavity (lungs) and the cylinder (torso) leads to a shift and distortion of the profile of the image. If the object has a square wave profile (between y=-a to y=a), the imaged profile is given by:
Here, B0 is the magnetic field strength, R is the radius of the cavity, Δχ is the susceptibility difference between the cavity and the cylinder, Gy is the strength of the phase encoding gradient, z is the distance between the center of the sphere and the imaged slice, and x & y are the inplane co-ordinates. The resultant image is shaded and shifted. We performed computer simulations (using MATLAB) in order to test the theoretical model. We simulated image acquisition of slice through a cylinder in the presence of a spherical cavity using four different susceptibility values for the cavity gas, which corresponded to different concentrations of oxygen in the sphere (100%, 50%, 20% and 0%). Pseudo activation (t-statistic) maps were generated by comparing sets of images acquired for different conditions. In addition, imaging experiments were performed on human brains using a 1.5T GE Signa LX scanner. Echo-planar images were acquired with a T2* sensitive single shot gradient-recalled echo sequence with TR=400 ms.
Results
The computer simulation shows image shifts and distortions occur as functions of the susceptibility of the cavity and the distance each image is offset from the cavity. Figure 1 shows image profiles for a fixed offset of twice the cavity radius (2R). Four simulated profiles are shown corresponding to oxygen concentrations in the sphere of 100, 50, 20 and 0 percent, respectively. The profile varies roughly linearly near the center of the phantom with the slope proportional to the oxygen concentration. The profile for the case of 0% oxygen also has a linear distortion because there is a significant susceptibility difference between the surrounding water and the sphere. Figure 2 shows the signal from a region of interest inside a bottle placed outside but near the brain of one subject. The three plots shown are for three parallel slices, moving successively farther from the chest. During images 1-40 (0-16 sec), the subject held his breath after exhaling completely, between images 40-140 (16-56 sec), normal breathing resumed, and during images 140-200 (56-80 sec) the subject held his breath after inhaling completely. A signal variation of ~1% is measurable at the respiratory frequency in the phantom, and the variation decreases further away from the chest, indicates that susceptibility changes in the chest rather than motion are causing the observed signal change. We investigated the existence and nature of artifacts due to respiration related susceptibility changes. The data show that susceptibility changes do cause artifacts in echo-planar, axial, brain images. The artifact consists of an image shift and a shading of intensity in the phase encoding direction, and signal variation due to intravoxel dephasing. The results accord well with theoretical predictions (6) . As the size and content of the lungs vary, the shading and shift alter, and comparing images at different respiratory phases will generate false apparent activations. This source of variance will scale with the third power of B0. By better understanding the origin of these effects we may devise better corrections.
